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Abstract: Neural stem cells (NSCs) are capable of producing a variety of neural cell types, 
and are indispensable for the development of the mammalian brain. NSCs can be 
induced in vitro from pluripotent stem cells, including embryonic stem cells and 
induced-pluripotent stem cells. Although the transplantation of these exogenous NSCs is a 
potential strategy for improving presently untreatable neurological conditions, there are 
several obstacles to its implementation, including tumorigenic, immunological, and ethical 
problems. Recent studies have revealed that NSCs also reside in the adult brain. The 
endogenous NSCs are activated in response to disease or trauma, and produce new neurons 
and glia, suggesting they have the potential to regenerate damaged brain tissue while 
avoiding the above-mentioned problems. Here we present an overview of the possibility 
and limitations of using endogenous NSCs in regenerative medicine. 

Keywords: subventricular zone; neuronal migration; regenerative medicine; neuronal 
regeneration; remyelination 



1. Introduction 

In mammalian brain development, neural stem cells (NSCs) produce neural cells, including various 
types of neurons and glia. NSCs are defined as being multipotent with the capacity for self -renewal. 
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With recent technological developments, NSCs can be induced in vitro from pluripotent stem cells, 
including embryonic stem cells (ESCs) and induced-pluripotent stem cells (iPSCs) [1-5]. The results 
of animal studies [6-11] support the possibility that the transplantation of these exogenous NSCs and 
their progeny will be a powerful strategy for regenerating nervous system tissues damaged by disease 
or trauma, for which no conventional treatment is available (Figure 1, left). Before this technology can 
be applied to patients, however, the following problems need to be resolved. First, allotransplantation 
provokes immunological responses to grafted donor cells, which need to be continuously suppressed. 
Second, pluripotent stem cells have the potential to generate tumors [10-12]. We previously 
established a method for isolating neural stem cells or their progenies labeled with cell-type- specific 
fluorescent reporters [13-15], which decreased the tumorigenicity of the transplanted cells in rats [16]. 
However, considering the long lifespan of humans compared with other animals, the tumorigenic risk 
from stem-cell transplantation should be carefully evaluated [17], particularly because, given the 
limited size of the intracranial cavity, a space-occupying tumor could be fatal. It was recently reported 
that neurons could be generated from fibroblasts by transdifferentiation without passing through the 
pluripotent state, which could be an efficient procedure for avoiding tumorigenic risk in 
cell-transplantation therapy [18]. Third, the transplantation procedure itself might injure the 
complicated neuronal circuitry, affecting neurological function. Furthermore, a fundamental ethical 
problem lies in the therapeutic use of ESCs, which are derived from blastocysts. Thus, there are serious 
problems associated with regenerative medicine using cell-transplantation therapy that need to be 
overcome before its clinical application. 

Figure 1. Therapeutic strategies using exogenous and endogenous neural stem cells 
(NSCs). Schematic drawing of a model for the therapeutic use of exogenous (left) and 
endogenous (right) NSCs. Exogenous NSCs derived from pluripotent stem cells including 
embryonic stem cells (ESCs) and induced-pluripotent stem cells (iPSCs) are transplanted 
into the damaged brain, and differentiate into mature neurons to replace damaged ones. 
Endogenous NSCs that reside in the subventricular zone of the adult brain continuously 
generate neurons, which migrate into the damaged area, where they replace 
damaged neurons. 
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Recent studies have revealed that NSCs also reside in the adult brain. They produce new neurons 
(neurogenesis) and glia (gliogenesis) throughout life in the subventricular zone (SVZ) at the lateral 
walls of the lateral ventricle, and in the subgranular zone (SGZ) in the dentate gyrus of the 
hippocampus [19-26]. The physiological significance of the endogenous NSCs and the mechanism that 
maintains functional NSCs in these specific regions of the adult brain are still unknown; however, they 
have the potential to regenerate lost neurons and glia in response to various pathological 
conditions [27,28] (Figure 1, right). This spontaneous regeneration is insufficient for structural or 
functional restoration of the injured brain. However, neuroregenerative therapy using endogenous 
NSCs is highly anticipated as an effective strategy for treating brain diseases, because it avoids the 
above-mentioned immunological and ethical problems and may reduce the risk of tumorigenesis. Here, 
we will present an overview of the function of endogenous NSCs in the adult brain and the possibility 
and limitations of using endogenous NSCs for brain repair. 

2. Endogenous NSCs in the Adult Brain 

In the adult brain, endogenous NSCs continuously generate new neurons in the SGZ of the 
hippocampal dentate gjrus and in the SVZ. Although there is no definitive marker protein that 
distinguishes adult NSCs [29,30], a significant portion of the NSCs express glial fibrillary acidic 
protein (GFAP), a marker for mature astrocytes. These NSCs have the morphological and 
electrophysiological characteristics of astrocytes, but they proliferate continuously and generate new 
granule cells in the dentate gyrus and interneurons in the olfactory bulb. In spite of their multipotency 
in early postnatal life or when cultured under specific conditions, adult NSCs mostly generate neurons 
under physiological conditions. 

2.1. The NSCs in the SGZ 

The hippocampus is part of the limbic system, which has important functions in learning and 
memory and in regulating emotion and mood. Neuronal input from the neocortex to the hippocampal 
circuitry passes through the dentate gyrus, which is largely composed of neurons called granule cells 
inhabiting the granule cell layer (GCL) (Figure 2a). NSCs, referred to as type-1 cells, reside in the 
SGZ, a thin cell layer between the GCL and the dentate hilus, and slowly proliferate to generate 
intermediate neuronal progenitors, type-2 and type-3 cells [31]; these cells produce new 
neurons [32-34] (Figure 2b). After a short-distance migration into the granule cell layer overlying the 
SGZ, the new neurons finally differentiate into mature granule cells, which are glutamatergic neurons, 
and are integrated into the neural circuitry [35]. 

A large number of the new neurons die before functional maturation, and only some of them are 
stably integrated into the neural network [36,37]. A recent study using a tamoxifen-induced 
recombination system to activate the expression of a reporter gene permanently in the progenies of 
NSCs showed that adult neurogenesis makes a relatively minor contribution to the neuronal population 
of the dentate gyrus [38]. However, notably, the newly generated immature neurons show unique 
electrophysiological activities, distinguishable from those of mature granule cells [39]. Their distinct 
electrophysiological characteristics may indicate that the new neurons play an important role in the 
hippocampal circuitry, despite their small numbers. 
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A number of studies have demonstrated that new neurons are involved in learning and 
memory [40-42]. Several hippocampus-dependent learning tasks increase the proliferation of neuronal 
progenitors in the SGZ and/or promote the survival of new neurons, and the performance of these tasks 
by animals correlates positively with the amount of new-neuron generation [40,43]. Moreover, 
suppression of the proliferation of NSCs and neuronal progenitor cells by irradiation or anti-mitotic 
drug treatment impairs the animals' performance [42,44]. 

In addition, a relationship between psychiatric symptoms and decreased hippocampal neurogenesis 
has been demonstrated in studies with rodents and primates [45,46]. Conversely, the chronic 
administration of therapeutic drugs used to treat mood disorders and anxiety disorders, including 
tricyclic antidepressants, serotonin-selective reuptake inhibitors, and mood stabilizers, increases 
neurogenesis [47,48]. The disruption of neurogenesis completely abolishes the behavioral effects of 
these drugs [49], indicating that the promotion of neurogenesis might be a common mechanism of 
action for these drugs. However, because it is difficult to establish good animal models for psychiatric 
diseases, and clinical studies have methodological limitations, it has not yet been possible to show 
directly that NSC function and hippocampal neurogenesis, or its suppression, are involved in the 
neuropathophysiology of these psychiatric diseases. 

Figure 2. NSCs in the hippocampus, (a) Location, structure, and neuronal circuitry of the 
dentate gyrus in the hippocampus of the adult rodent brain. The input to the hippocampus is 
mainly provided by the entorhinal cortex through the perforant path (gray) to the granule 
cells (pink) in the dentate gyrus; (b) Neurogenesis in the dentate gyrus. NSCs (blue) and 
neuronal progenitor cells (light green) reside in the SGZ, where they proliferate, and 
generate immature new neurons (red) (left). The new neurons migrate into the granule cell 
layer (middle), where some of them differentiate into mature granule cells (pink), and the 
rest are eliminated by apoptotic cell death (gray) (right). 




b 




proliferation migration differentiation 

n I I mature-vi. " 

I granule cell ] 



granule 
cell layer 



subgranula 
zone (SGZ 



Genes 2011, 2 



111 



2.2. The NSCs in the SVZ 

The SVZ is a thin cell layer located in the lateral walls of lateral ventricles (Figure 3a). The NSCs in 
the SVZ are identified as a subpopulation of astrocytes [33,50] derived from radial glia, the embryonic 
NSCs of the ventricular zone [51]. Although adult NSCs are displaced from the ventricle by a line of 
ependymal cells, their apical membrane is in direct contact with the ventricle [52], which may have a 
role in maintaining or regulating NSC function. These NSCs also extend a long basal process that ends 
on blood vessels within the ventricular wall [53]. The SVZ is thought to provide a specific 
microenvironment, the so-called, "stem cell niche", which enables the NSCs to maintain their 
self -renewing, multipotent state in the adult brain. Various proteins, including neurotrophic factors and 
paracrine signaling molecules, are reported to be involved in forming the niche. For example, basic 
fibroblast growth factor (FGF2), hepatocyte growth factor (HGF), Notchl, sonic hedgehog (SHH), 
Noggin, ciliary neurotrophic factor (CNTF), and a soluble carbohydrate -binding protein, Galectin-1, 
play important roles in stem-cell maintenance and/or self -renewal [54-59]. NSCs' sustained 
proliferative capacity and sensitivity to proliferative stimuli have been proposed to be involved in 
tumorigenic transformation [60,61], although this idea is still controversial [62]. 

NSCs proliferate slowly and continuously, and they generate actively proliferating intermediate 
progenitors called "transit-amplifying cells", which are committed to the neuronal linage (Figure 3b). 
The transit-amplifying cells proliferate quickly, and their progeny become immature new neurons. We 
identified the Wnt-P-Catenin signal as a regulator of the proliferation and differentiation of the 
transit-amplifying cells that increases the pool of these cells [63]. Therefore, the proliferation of SVZ 
cells is controlled by a cell-type-dependent mechanism. 

2.3. Migration of New Neurons from the SVZ 

Immature new neurons generated in the SVZ have a remarkable migration activity: They migrate to 
the olfactory bulb at the anterior tip of the telencephalon within a week, along a pathway called the 
rostral migratory stream (RMS) (Figure 3c-e). Recent imaging studies successfully showed the 
migration of micron-sized particles of iron-oxide-labeled new neurons in living animals [64,65]. 
Several tj^es of factors that regulate embryonic neuronal migration are also involved in the migration 
of new neurons in the adult RMS. However, a distinct mechanism is needed to enable the rapid and 
long-distance migration of new neurons through the densely packed mature tissue of the adult brain. 

The migrating new neurons are typically bipolar, with extended leading and trailing processes, and 
they form elongated cell aggregates referred to as "chains", within which new neurons can slide over 
and past one another [22,66]. Because the chain migration is a distinct characteristic that is not 
observed in the embryonic brain or anywhere else in the postnatal brain, it is important to elucidate its 
regulatory mechanisms. During migration in the chain, active cytoskeletal modification occurs in the 
new neurons. We found that cyclin-dependent kinase 5, which regulates the cytoskeleton in migrating 
cells in the embryonic brain, plays a crucial, cell-autonomous role in the chain formation of new 
neurons in the postnatal SVZ/RMS, and in the speed and direction of their migration [67]. Polysialic 
acid-neural cell adhesion molecule (PSA-NCAM) and pi-integrin expressed on the surface of new 
neurons [68,69], matrix metalloproteases produced by them, and extracellular matrix molecules 
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including tenascin-C, proteoglycans, and laminins, have all been shown to be involved in the migration 
of new neurons in the RMS [68,70,71]. These molecules may regulate the adhesion between the new 
neurons to enable them slide past one another within a chain, despite their attachment to each other. 
Some of the chains of new neurons in the RMS were extended along and closely associated with blood 
vessels (Figure 3d), suggesting that the blood vessels may act as a scaffold for their migration [72]. 



Figure 3. NSCs in the SVZ. (a) Location and structure of the SVZ. The SVZ is located at 
the lateral wall of the lateral ventricle and consists of four types of cells: ependymal cells 
(purple), which have multiple motile cilia that lie over the surface of the SVZ; multipotent 
and self -renewable NSCs, which have an astrocytic morphology (blue); neuronal progenitor 
cells (light green); and migratory new neurons (red). NSCs have an apical membrane that 
makes direct contact with the ventricle, and extends its processes onto the blood vessels 
(orange); (b) Generation of new neurons in the SVZ. NSCs (blue) slowly and continuously 
proliferate to generate new NSCs (self-renewal) and neuronal progenitor cells called 
"transit-amplifying cells" (light green). The transit amplifying cells proliferate quickly and 
produce immature new neurons (red); (c) Rapid and long-range migration of new neurons. 
Newly generated new neurons (red) in the rodent SVZ migrate rapidly and reach the 
olfactory bulb within a week, where they differentiate into mature interneurons. In the 
migratory path, called the rostral migratory stream (RMS), the new neurons form an 
elongated chain-like cluster, and move inside a tunnel formed by astrocytic processes 
(blue), which sometimes occur along a blood vessel (orange); (d) Chains of new neurons 
along blood vessels in the RMS. Sagittal brain sections were immunostained with the new 
neuron marker Dcx (red) and endothelial marker CD31 (light blue). Some of the chains of 
new neurons were extended along and closely associated with blood vessels; (e) Chains of 
new neurons surrounded by astrocytic processes in the RMS. Sagittal brain sections were 
immunostained with Dcx (red) and the astrocytic marker GFAP (light blue). GFAP-l- 
astrocytic processes tightly enclosed the chains of new neurons. 
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New neurons are guided by various microenvironmental cues to undergo directional migration. We 
found that the rostral migration of new neurons occurs in parallel with the directional flow of 
cerebrospinal fluid (CSF) in the lateral ventricle [73]. This directional migration is disrupted by a 
genetic mutation that causes defective ependymal cilia development and thus a lack of normal CSF 
flow. Normal CSF flow creates a concentration gradient of diffusible proteins, including 
chemorepellents for new neurons that are secreted from the choroid plexus in the lateral ventricle, 
which help guide the rostral migration of new neurons against the concentration gradient. On the other 
hand, new neurons are attracted toward the olfactory bulb by factors including netrinl [68], 
proldneticin2 [74], glial cell-line derived neurotrophic factor (GDNF) [75], and brain-derived 
neurotrophic factor (BDNF) [76]. 

Notably, the chains of new neurons move inside tunnels formed by astrocj'tes, referred to as "glial 
tubes" [66,71] (Figure 3c, e). In several lines of mutant mice, aberrant astrocytic tunnel formation is 
accompanied by a disruption in the chain migration of new neurons [77-81], suggesting that the 
interaction between the new neurons and astrocytes is important for neuronal migration in the adult 
brain. In addition to physically separating the chains of new neurons from the surrounding tissue, 
which consists of a dense meshwork of neuronal fibers, astrocytes in the RMS control the migration of 
new neurons by taking up GAB A secreted by the migrating neurons [82], trapping endothelial 
cell-derived BDNF [83], and secreting soluble and non-soluble factors [84,85]. We recently discovered 
the mechanism that forms and maintains the tunnel of RMS astrocytes: new neuron-derived soluble 
protein Slitl acts on RMS astrocytes expressing Slitl's receptor Robo, which regulates the distribution 
and morphology of the astrocytes to form the tunnels [86] (Figure 4). Taken together, these results 
show that new neurons migrating in the adult RMS interact with each other and with the astrocytic 
tunnels, and are guided by microenvironmental cues toward the olfactory bulb. 

2.4. Neurogenesis in the Olfactory Bulb 

New neurons that reach the olfactory bulb detach from the chain, and the individual cells migrate 
radially into the granule cell layer (GCL) and the glomerular layer (GL), where they differentiate into 
olfactory interneurons, granule cells and periglomerular cells, respectively (Figure 3c). Reelin, a 
secreted glycoprotein, and extracellular matrix tenascin-R are involved in this process [87,88]. 

About a half of these new neurons are eliminated within six weeks of their birth [89], but some 
remain longer than a year, depending in part on the olfactory input [89,90]. The olfactory bulb is the 
first relay station in the olfactory system, where odor information from the olfactory epithelium is 
transferred to higher centers in the brain. Interneurons there modulate the activity of glutamatergic 
projection neurons. Although it is reported that newly added interneurons are involved in odor 
discrimination [91], their actual function in the olfactory circuitry remains unclear [92]. Considering 
that the projection neurons are never replaced, the turnover of interneurons is likely to be responsible 
for the plasticity of the olfactory system. 
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Figure 4. Interaction between migrating new neurons and the surrounding astrocytes, 
(modified from Kaneko et al.. Neuron, 2010 [76]). (a) Expression patterns of Slitl and 
Robos in the RMS; (b) Disrupted migration of new neurons in a Slitl-defficient (Slitl ' ) 
brain slice. Representative paths of new neurons migrating in cultured brain slices obtained 
by time-lapse imaging were drawn with colored dots and lines. Compared with those of the 
wild-type (top) slice, the migration of new neurons in the Slitl '' RMS was irregular and 
slower (bottom, b'). Scale bars: 200 f^m; (c) Slit repels SVZ/RMS astrocytes. Purified 
astrocytes dissociated from the SVZ and RMS were co-cultured with either Slit-expressing 
or control HEK cells mixed into collagen gel pieces (top). After 4 days of co-culture, 
significantly fewer astrocytes stained with GFAP (red) were observed on the 
Slit-containing gel (bottom right) compared with the control gel (bottom left). Scale bars: 
200 |am; (d) Disruption of astrocytic tunnels in the Slitl '' RMS. Sagittal brain sections 
containing wild-type or Slitl~ ~ RMS were immunostained with Dcx and GFAP (left). In 
the wild-type RMS, GFAP-i- (green) astrocytic processes were extended along the chains of 
new neurons (red), whereas in the Slitl~'~ RMS, the arrangement of astrocytic processes 
was irregular. Electron micrographs (right) reveal an abnormal distribution of astrocytic 
processes (arrowheads) among the chain-forming new neurons in the Slitl ' RMS. Scale 
bars: 50 |a,m (white); 5 |a,m (black); (e) Schematic drawings of the Slit-Robo-mediated 
interaction between new neurons and tunnel-forming astrocytes. The new neuron- secreted 
Slitl and astrocyte-expressed Robo receptor control the distribution and arrangement of 
astrocytes to maintain the migratory path of new neurons, which assists their rapid 
migration through the RMS. 
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3. Regeneration of Neurons by Endogenous NSCs 

Following the loss of neurons in various pathological conditions, including stroke, 
neurodegenerative diseases, and trauma, the proliferation activity of NSCs increases, and newly 
generated neurons appear in and around the damaged area. Recent studies on the human post-mortem 
brain revealed that cerebral infarction patients produce new neurons following the insult [93-95]. 
These findings indicate that there is a potential for neuronal regeneration in the mammalian brain, 
although the spontaneous regeneration is insufficient to compensate for the lost neurons, either 
histologically or neurologically. 

One of the pioneer studies of insult-induced neurogenesis showed that transient global ischemia 
causing the death of pyramidal neurons in the CAl region in the hippocampus of the adult gerbil 
activates the proliferation of NSCs in the SGZ, increasing the number of new granule neurons in the 
GCL; however, the lost CAl neurons are never replaced [96]. Another study using an adult rat model 
of transient global ischemia showed that NSCs/progenitors in the caudal extension of the SVZ close to 
the hippocampus migrate and regenerate CAl pyramidal neurons there [97]. In addition, after focal 
ischemia induced by middle cerebral artery occlusion (MCAO), the most common model for ischemic 
stroke that causes infarction of the lateral striatum and adjacent neocortex, a small number of striatal 
projection neurons are regenerated [98]. That study showed that, within a week after the lesion, NSCs 
and progenitor cells in the SVZ begin to proliferate, and new neurons with a migratory morphology and 
newly generated mature neurons appear at the boundary of the damaged area in the striatum (Figure 5), 
but the origin of these cells was uncertain. Using viral infection-mediated cell-specific introduction of 
GFAP expression, we showed that these neurons are generated by GFAP -expressing NSCs in the SVZ 
and migrate radially into the damaged striatum, where they differentiate into mature neurons [99] 
(Figure 6). Thus, NSCs in the SVZ provide new neurons with a remarkable migration capacity, which 
may compensate for neurons lost to insult, and help regenerate the neuronal circuitry. These findings 
further imply that the SVZ could be an important therapeutic target for various pathological conditions. 

Insult-induced alterations in the microenvironment play an important role in NSC activation. 
Among neurodegenerative conditions, ischemic stroke causes especially drastic biological responses 
soon after the lesion, due to its sudden onset. First, immune responses, including the activation of 
microglia and astrocytes around the infarcted area and T-lymphocyte infiltration into the damaged 
brain, begin [100-102]. These cells produce cytokines and other molecules that promote or inhibit the 
neurogenic function of the NSCs [103]. At the same time, the expression of angiogenesis-related 
genes, including vascular endothelial growth factor (VEGF), FGF2, and epidermal growth factor 
(EGF), is markedly increased in the damaged region [104]. These factors are also known to stimulate 
the proliferation of NSCs/progenitor cells in the SVZ [59,105,106]. Angiogenesis in the ischemic 
region precedes neurogenesis, and vascular endothelial cells release soluble factors that promote the 
self -renewal of neural stem cells in the SVZ. Notably, recent studies have shown that the vasculature in 
the SVZ is an important component of stem-cell niches [53,107,108], suggesting that angiogenesis 
plays a critical role in activating NSCs after stroke. 
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Figure 5. Migration of new neurons to an injured area, (a) Schematic drawings of SVZ 
new neurons migrating toward an infarcted area; (b) Mouse brain section 18 days after 
experimental ischemic stroke stained with the new neuron marker Dcx (brown). Transient 
middle cerebral artery occlusion (MCAO) caused infarction (white broken line). Eighteen 
days later, new neurons generated in the SVZ migrated toward the infarcted area, b' shows 
a higher-magnification image of the boxed area in b; (c) Association of migrating new 
neurons with the vasculature. A brain section 18 days after MCAO was immunostained 
with Dcx (green) and the endothelial marker CD31 (red). Many of the new neurons 
migrating toward the infarcted area were closely associated with blood vessels; 
(d) Vascular scaffold for new neurons migrating toward the infarcted area. Time-lapse 
imaging of a cultured brain slice after MCAO. New neurons were labeled by lentivirus 
injection into the lateral ventricle of Flkl-EGFP mice. A new neuron (green) extended 
leading process (arrows) and migrated along a blood vessel (red). 
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New neurons generated by activated NSCs in the SVZ migrate in the striatum toward the infarct 
area, frequently forming chain-like structures similar to those observed in the RMS. We found that 
these aligned cells are closely associated with astrocytic processes and blood vessels [99,109] 
(Figure 5c, d). Migration of these new neurons is controlled by stroma cell-derived factor 1 (SDFl) and 
angiopoietin 1 (Angl), which are produced by vascular endothelial cells and by monocyte 
chemoattractant protein 1 (MCPl), which is expressed by activated microglia and astrocytes in the 
damaged area [109-113]. The signals of these molecules are mediated by their respective receptors, 
CXCR4, Tie2, and CCR2, which are expressed on migrating new neurons. Therefore, the migration of 
new neurons in the injured brain is regulated by interaction with their surroundings, which include 
activated glia and vasculature. 
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Figure 6. Endogenous NSC-derived neuronal regeneration, (a) Schematic drawing of the 
experimental procedure. The pxCANCre plasmid was injected into the lateral ventricle 
5 days before MCAO, then the fate of GFP-labeled new neurons generated in the SVZ was 
detected 90 days after MCAO; (b) Confocal 3D reconstruction image of a GFP 
(green)-labeled cell expressing the mature neuronal marker, NeuN (red). Ninety days after 
MCAO, 29% of the SVZ-derived GFP-positive cells around the infarcted area expressed 
NeuN, a specific marker for mature neurons. Scale bar: 20 |am; (c) A GFP-positive cell 
exhibiting a neuronal morphology. Scale bar: 20 |am; (d) An electron micrograph showing 
a GFP-positive axon (asterisk) containing presynaptic vesicles. A higher-magnification 
view of the region of the boxed area (d') shows the postsynaptic density (arrowheads). 
Scale bar: 0.5 |am. 
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Previous reports have described BrdU-labeled newborn cells that express markers for mature 
neurons within the damaged striatum as early as 30 days after the induction of ischemia. We examined 
the phenotype of SVZ-derived GFP-labeled cells after an extended survival period by light and electron 
microscopy [99]. The labeled cells were found to possess long processes, express NeuN, and form 
synaptic structures in the damaged striatum 90 days after ischemia induction (Figure 6). These results 
strongly suggest that SVZ cells have the ability to generate functional mature neurons that survive in 
the damaged striatum for considerable periods. 

On the other hand, studies have also suggested that the capacity of endogenous NSCs to compensate 
for lost cells is limited. In spite of the active proliferation of NSCs after insult, they become more 
gliogenic than neurogenic [1 14]. Li addition, most of the new migrating neurons in and near the injured 
area die before differentiating into functional neurons, possibly because of a lack of factors and 
stimulation to support their survival and differentiation; thus, only 0.2% of the dead neurons are 
replaced [98]. NSCs in the SVZ do not show a neurogenic response to infarction that is within the 
cortex and does not involve the striatum [115,116]. Moreover, recent studies suggest that these NSCs 
cannot alter the types of neurons they generate depending on the context: they produce only 
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calretinin-expressing interneurons, a subtype of interneuron that is continuously replaced in the 
olfactory bulb under physiological conditions, and they do not produce striatal neurons [1 17,1 18]. 

A similar limitation was reported in an animal model of Parkinson's disease: After the specific 
elimination of dopaminergic neurons by injecting 6-OHDA, the proliferation of NSCs in the SVZ was 
dramatically increased by treatment with transforming growth factor a, but these cells never 
differentiated into the neuronal lineage [119]. 

However, in spite of these apparent limitations to the regeneration of damaged brain tissue by 
endogenous NSCs, accumulating studies show beneficial effects of interventions that promote 
neurogenesis, including treatment with erythropoietin [120], statins [121], activated protein C [122], 
HDAC inhibitors [123], and EGF/FGF-2 [124], on their functional recovery following a lesion. It has 
not been determined whether these effects depend directly on the promotion of neuronal regeneration 
by NSCs, or whether accompanying events, such as enhanced glial regeneration and other types of 
trophic support, are more important. Moreover, a key issue in the field of neuronal regeneration is that 
newly generated neurons need to make the appropriate connections, although the details of this process 
are still largely unknown. Further studies are needed to clarify how newly generated neurons are 
associated with neurological improvement and to elucidate the comprehensive mechanism regulating 
the endogenous regeneration system. 

4. Regeneration of Myelin by Endogenous NSCs 

In the central nervous system, oligodendrocytes form the myelin sheath, an important structure for 
nerve conduction that wraps around axons to facilitate the rapid, saltatory conduction of electrical 
impulses. Demyelination is observed in both oligodendrocyte- specific degeneration diseases, such as 
multiple sclerosis (MS), and non-specific insults, including severe ischemia. Demyelination causes 
conduction block, leading to a variety of neurological impairments. Compared with neurons, 
oligodendrocytes are intensively regenerated by an endogenous pool of NG2 chondroitin 
sulfate-expressing oligodendrocyte progenitor cells, which are broadly distributed in the adult 
brain [125,126]. Moreover, recent studies suggest that NSCs in the SVZ are also involved in this 
process [127-129]. Thus, NSCs in the SVZ are considered a potential target for regenerative strategies 
to treat demyelination-associated pathophysiologies. 

Even under physiological conditions, a small subpopulation of NSCs and progenitors in the SVZ 
express the oligodendrocyte lineage transcription factor, 01ig2, generate oligodendrocyte progenitors. 
These cells express PSA-NCAM but not the neuronal lineage marker, betaS tubulin, and migrate into 
the corpus callosum, striatum, and fimbria fornix, where they differentiate into nonmyelinating 
progenitors and mature myelinating oligodendrocj^es [127,128]. Chemically induced demyelination in 
rodents markedly promotes this process [127,129]. Mitogens such as FGF-2 increase the production of 
oligodendrocyte progenitors and neuronal progenitors, whereas PDGF-AA and EGF stimulate NSCs to 
specifically produce NG2+ oligodendrocyte progenitors [130-132]. After their migration, the 
oligodendrocyte progenitors differentiate into mature oligodendrocytes and regenerate myelin on the 
affected axons. Recent studies have identified factors involved in this process, which include 
EGF [131,133,134], insulin-like growth factor- 1 [135], Wnt-p-catenin mediator Tcf4 [136], 
Notchl [137], and erythropoietin [120,138]. 
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Notably, there are several limitations to the regeneration of myelin by endogenous cells. The 
maturation and myelination steps have been suggested to be particularly vulnerable; for example, 
remyelination is disturbed in both an animal demyelination model [120,139] and patients with chronic 
MS [140,141]. The spontaneous regeneration of myelin by endogenous cells is insufficient to 
completely restore the injury. However, efficient interventions that promote this process have yet to be 
established. Moreover, for hereditary dysmyelinating diseases in which myelin formation is 
developmentally disturbed, endogenous cell-based regeneration is not available. In animal models of 
such diseases, the allotransplantation of exogenous cells has resulted in successful myelination [142,143]. 

Myelination is a critical step for restoring neuronal function, not only for the demyelinated axons of 
surviving neurons but also for the new neurons regenerated after a lesion. Thus, for successful neuronal 
regeneration, the appropriate regeneration of oligodendrocj^es is also needed. 

5. Conclusion 

NSCs in the SVZ are the main source of new neurons that migrate toward a lesion site, where they 
differentiate into mature neurons. Moreover, they might produce a small but significant number of 
oligodendrocytes, which contribute to remyelination. There are many challenges to overcome before 
the regeneration or repair of neuronal circuitry can be achieved. However, considering the fundamental 
advantages of endogenous NSCs for therapeutic use, free from immunological and ethical problems, 
the mechanisms of insult-induced neuronal regeneration and remyelination described here are of 
fundamental importance for understanding the molecular mechanisms that control endogenous NSCs 
and their progeny. For future clinical applications, interventions that regulate the migration, 
differentiation, survival, and functional maturation of newly generated cells to promote efficient 
regeneration, without over- activating the NSCs (a speculated tumorigenic risk), should be particularly 
important for developing novel and reliable neuronal self -repair strategies. 

Acknowledgements 

We apologize to all those whose work we could not cite because of space limitations. We thank all 
of our collaborators for their contributions to the original research. We are grateful to Paolo Cinelli, the 
anonymous reviewers and members of the Sawamoto laboratory for their valuable comments. This 
work was supported by research grants from the Ministry of Education, Culture, Sports, Science & 
Technology (MEXT), the Ministry of Health, Labour and Welfare (MHLW), the Japan Society for the 
Promotion of Science (JSPS), and the Human Frontier Science Program (HFSP). 

References 

1. Gerrard, L.; Rodgers, L.; Cui, W. Differentiation of human embryonic stem cells to neural 
lineages in adherent culture by blocking bone morphogenetic protein signaling. Stem Cells 2005, 
23, 1234-1241. 

2. Okada, Y.; Matsumoto, A.; Shimazaki, T.; Enoki, R.; Koizumi, A.; Ishii, S.; Itoyama, Y.; 
Sobue, G.; Okano, H. Spatiotemporal recapitulation of central nervous system development by 
murine embryonic stem cell-derived neural stem/progenitor cells. Stem Cells 2008, 26, 3086-3098. 



Genes 2011, 2 



120 



3. Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and 
adult fibroblast cultures by defined factors. Cell 2006, 126 (4), 663-676. 

4. Yamanaka, S. Strategies and new developments in the generation of patient-specific pluripotent 
stem cells. Cell Stem Cell 2007, 1 (1), 39^9. 

5. Zhang, S.C.; Wemig, M.; Duncan, I.D.; Brustle, O.; Thomson, J. A. In vitro differentiation of 
transplantable neural precursors from human embryonic stem cells. Nat. Biotechnol. 2001, 
79(12), 1129-1133. 

6. Brustle, O.; Jones, K.N.; Learish, R.D.; Karram, K.; Choudhary, K.; Wiestler, O.D.; 
Duncan, ID.; McKay, R.D. Embryonic stem cell-derived glial precursors: a source of 
myelinating transplants. Science 1999, 285 (5428), 754-756. 

7. Keirstead, H.S.; Nistor, G.; Bemal, G.; Totoiu, M.; Cloutier, F.; Sharp, K.; Steward, O. Human 
embryonic stem cell-derived oligodendrocyte progenitor cell transplants remyelinate and restore 
locomotion after spinal cord injury. /. Neurosci. 2005, 25 (19), 4694-4705. 

8. Kim, J.H.; Auerbach, J.M.; Rodriguez-Gomez, J.A.; Velasco, L; Gavin, D.; Lumelsky, N.; 
Lee, S.H.; Nguyen, J.; Sanchez-Pernaute, R.; Bankiewicz, K.; McKay, R. Dopamine neurons 
derived from embryonic stem cells function in an animal model of Parkinson's disease. Nature 
2002, 418 (6893), 50-56. 

9. McDonald, J.W.; Liu, X.Z.; Qu, Y.; Liu, S.; Mickey, S.K.; Turetsky, D.; Gottlieb, D.I.; 
Choi, D.W. Transplanted embryonic stem cells survive, differentiate and promote recovery in 
injured rat spinal cord. Nat. Med. 1999, 5 (12), 1410-1412. 

10. Wemig, M.; Zhao, J.P.; Pruszak, J.; Hedlund, E.; Fu, D.; Soldner, F.; Broccoli, V.; 
Constantine-Paton, M.; Isacson, O.; Jaenisch, R. Neurons derived from reprogrammed fibroblasts 
functionally integrate into the fetal brain and improve symptoms of rats with Parkinson's disease. 
Proc. Natl. Acad. Sci. USA 2008, 105 (15), 5856-5861. 

11. Tsuji, O.; Miura, K.; Okada, Y.; Fujiyoshi, K.; Mukaino, M.; Nagoshi, N.; Kitamura, K.; 
Kumagai, G.; Nishino, M.; Tomisato, S.; et al. Therapeutic potential of appropriately evaluated 
safe-induced pluripotent stem cells for spinal cord injury. Proc. Natl. Acad. Sci. USA 2010, 107 
(28), 12704-12709. 

12. Miura, K.; Okada, Y.; Aoi, T.; Okada, A.; Takahashi, K.; Okita, K.; Nakagawa, M.; Koyanagi, 
M.; Tanabe, K.; Ohnuki, M.; Ogawa, D.; Ikeda, E.; Okano, H.; Yamanaka, S. Variation in the 
safety of induced pluripotent stem cell lines. Nat. Biotechnol. 2009, 27 (8), 743-745. 

13. Sawamoto, K.; Nakao, N.; Kakishita, K.; Ogawa, Y.; Toyama, Y.; Yamamoto, A.; 
Yamaguchi, M.; Mori, K.; Goldman, S.A.; Itakura, T.; Okano, H. Generation of dopaminergic 
neurons in the adult brain from mesencephalic precursor cells labeled with a nestin-GFP 
transgene. J. Neurosci. 2001, 21 (11), 3895-3903. 

14. Sawamoto, K.; Nakao, N.; Kobayashi, K.; Matsushita, N.; Takahashi, H.; Kakishita, K.; 
Yamamoto, A.; Yoshizaki, T.; Terashima, T.; Murakami, F.; Itakura, T.; Okano, H. 
Visualization, direct isolation, and transplantation of midbrain dopaminergic neurons. Proc. Natl. 
Acad. Sci. USA 2001, 98 (11), 6423-6428. 



Genes 2011, 2 



121 



15. Sawamoto, K.; Yamamoto, A.; Kawaguchi, A.; Yamaguchi, M.; Mori, K.; Goldman, S.A.; 
Okano, H. Direct isolation of committed neuronal progenitor cells from transgenic mice 
coexpressing spectrally distinct fluorescent proteins regulated by stage-specific neural promoters. 
/. Neurosci. Res. 2001, 65 (3), 220-227. 

16. Yoshizaki, T.; Inaji, M.; Kouike, H.; Shimazaki, T.; Sawamoto, K.; Ando, K.; Date, I.; 
Kobayashi, K.; Suhara, T.; Uchiyama, Y.; Okano, H. Isolation and transplantation of 
dopaminergic neurons generated from mouse embryonic stem cells. Neurosci. Lett. 2004, 363 (1), 
33-37. 

17. Amariglio, N.; Hirshberg, A.; Scheithauer, B.W.; Cohen, Y.; Loewenthal, R.; Trakhtenbrot, L.; 
Paz, N.; Koren-Michowitz, M.; Waldman, D.; Leider-Trejo, L.; Toren, A.; Constantini, S.; 
Rechavi, G. Donor-derived brain tumor following neural stem cell transplantation in an ataxia 
telangiectasia patient. PLoS Med. 2009, 6 (2), el 000029. 

18. Vierbuchen, T.; Ostermeier, A.; Pang, Z.P.; Kokubu, Y.; Sudhof, T.C.; Wernig, M. Direct 
conversion of fibroblasts to functional neurons by defined factors. Nature 2010, 463 (7284), 
1035-1041. 

19. Altman, J. Autoradiographic and histological studies of postnatal neurogenesis. IV. Cell 
proliferation and migration in the anterior forebrain, with special reference to persisting 
neurogenesis in the olfactory bulb. J. Comp. Neurol. 1969, 137 (4), 433^57. 

20. Cameron, H.A.; WooUey, C.S.; McEwen, B.S.; Gould, E. Differentiation of newly born neurons 
and glia in the dentate gyrus of the adult rat. Neuroscience 1993, 56 (2), 337-344. 

21. Curtis, M.A.; Kam, M.; Nannmark, U.; Anderson, M.F.; Axell, M.Z.; Wikkelso, C; Holtas, S.; 
van Roon-Mom, W.M.; Bjork-Eriksson, T.; Nordborg, C; Frisen, J.; Dragunow, M.; FauU, R.L.; 
Eriksson, P.S. Human neuroblasts migrate to the olfactory bulb via a lateral ventricular extension. 
Science 2007, 315 (5816), 1243-1249. 

22. Doetsch, F.; Alvarez-Buylla, A. Network of tangential pathways for neuronal migration in adult 
mammalian brain. Proc. Natl. Acad. Sci. USA 1996, 93 (25), 14895-14900. 

23. Eriksson, P.S.; Perfilieva, E.; Bjork-Eriksson, T.; Albom, A.M.; Nordborg, C; Peterson, D.A.; 
Gage, F.H. Neurogenesis in the adult human hippocampus. Nat. Med. 1998, 4 (11), 1313-1317. 

24. Kaplan, M.S.; Flinds, J.W. Neurogenesis in the adult rat: electron microscopic analysis of light 
radioautographs. Science 1977, 797 (4308), 1092-1094. 

25. Quinones-Hinojosa, A.; Sanai, N.; Soriano-Navarro, M.; Gonzalez-Perez, O.; Mirzadeh, Z.; 
Gil-Perotin, S.; Romero-Rodriguez, R.; Berger, M.S.; Garcia- Verdugo, J.M.; Alvarez-Buylla, A. 
Cellular composition and cytoarchitecture of the adult human subventricular zone: a niche of 
neural stem cells. J. Comp. Neurol. 2006, 494 (3), 415^34. 

26. Sanai, N.; Tramontin, A.D.; Quinones-Hinojosa, A.; Barbaro, N.M.; Gupta, N.; Kunwar, S.; 
Lawton, M.T.; McDermott, M.W.; Parsa, A.T.; Manuel-Garcia Verdugo, J.; Berger, M.S.; 
Alvarez-Buylla, A. Unique astrocyte ribbon in adult human brain contains neural stem cells but 
lacks chain migration. Nature 2004, 427 (6976), 740-744. 

27. Kaneko, N.; Sawamoto, K. Adult neurogenesis and its alteration under pathological conditions. 
Neurosci. Res. 2009, 63 (3), 155-164. 



Genes 2011, 2 



122 



28. Okano, H.; Sawamoto, K. Neural stem cells: involvement in adult neurogenesis and CNS repair. 
Philos. Trans. R. Soc. Lond. B.: Biol. Sci. 2008, 363 (1500), 2111-2122. 

29. Chojnacki, A.K.; Mak, G.K.; Weiss, S. Identity crisis for adult periventricular neural stem cells: 
subventricular zone astrocytes, epend5mial cells or both? Nat. Rev. Neurosci. 2009, 10 (2), 
153-163. 

30. Morshead, CM.; van der Kooy, D. Disguising adult neural stem cells. Curr. Opin. Neurobiol. 
2004, 14 (1), 125-131. 

31. Kempermann, G.; Jessberger, S.; Steiner, B.; Kronenberg, G. Milestones of neuronal 
development in the adult hippocampus. Trends Neurosci. 2004, 27 (8), 447^52. 

32. Filippov, v.; Kronenberg, G.; Pivneva, T.; Reuter, K.; Steiner, B.; Wang, L.P.; Yamaguchi, M.; 
Kettenmann, H.; Kempermann, G. Subpopulation of nestin-expressing progenitor cells in the 
adult murine hippocampus shows electrophysiological and morphological characteristics of 
astrocytes. Mol. Cell. Neurosci. 2003, 23 (3), 373-382. 

33. Garcia, A.D.; Doan, N.B.; Imura, T.; Bush, T.G.; Sofroniew, M.V. GFAP-expressing progenitors 
are the principal source of constitutive neurogenesis in adult mouse forebrain. Nat. Neurosci. 
2004, 7(11), 1233-1241. 

34. Seri, B.; Garcia- Verdugo, J.M.; McEwen, B.S.; Alvarez-Buylla, A. Astrocytes give rise to new 
neurons in the adult mammalian hippocampus. /. Neurosci. 2001, 21 (18), 7153-7160. 

35. van Praag, H.; Schinder, A.F.; Christie, B.R.; Toni, N.; Palmer, T.D.; Gage, F.H. Functional 
neurogenesis in the adult hippocampus. Nature 2002, 415 (6875), 1030-1034. 

36. Dayer, A.G.; Ford, A. A.; Cleaver, K.M.; Yassaee, M.; Cameron, H.A. Short-term and long-term 
survival of new neurons in the rat dentate gyrus. /. Comp. Neurol. 2003, 460 (4), 563-572. 

37. Kempermann, G.; Gast, D.; Kronenberg, G.; Yamaguchi, M.; Gage, F.H. Early determination and 
long-term persistence of adult-generated new neurons in the hippocampus of mice. Development 
2003, 130 (2), 391-399. 

38. Ninkovic, J.; Mori, T.; Gotz, M. Distinct modes of neuron addition in adult mouse neurogenesis. 
J. Neurosci. 2007, 27(40), 10906-10911. 

39. Schmidt-Hieber, C; Jonas, P.; Bischofberger, J. Enhanced synaptic plasticity in newly generated 
granule cells of the adult hippocampus. Nature 2004, 429 (6988), 184-187. 

40. Gould, E.; Beylin, A.; Tanapat, P.; Reeves, A.; Shors, T.J. Learning enhances adult neurogenesis 
in the hippocampal formation. Nat. Neurosci. 1999, 2 (3), 260-265. 

41. Leuner, B.; MendoUa-Loffredo, S.; Kozorovitskiy, Y.; Samburg, D.; Gould, E.; Shors, T.J. 
Learning enhances the survival of new neurons beyond the time when the hippocampus is 
required for memory. /. Neurosci. 2004, 24 (34), 7477-7481. 

42. Shors, T.J.; Miesegaes, G.; Beylin, A.; Zhao, M.; Rydel, T.; Gould, E. Neurogenesis in the adult 
is involved in the formation of trace memories. Nature 2001, 410 (6826), 372-376. 

43. Drapeau, E.; Montaron, M.F.; Aguerre, S.; Abrous, D.N. Learning-induced survival of new 
neurons depends on the cognitive status of aged rats. /. Neurosci. 2007, 27 (22), 6037-6044. 

44. Snyder, J.S.; Hong, N.S.; McDonald, R.J.; Wojtowicz, J.M. A role for adult neurogenesis in 
spatial long-term memory. Neuroscience 2005, 130 (4), 843-852. 



Genes 2011, 2 



123 



45. Czeh, B.; Michaelis, T.; Watanabe, T.; Frahm, J.; de Biurrun, G.; van Kampen, M.; 
Bartolomucci, A.; Fuchs, E. Stress-induced changes in cerebral metabolites, hippocampal 
volume, and cell proliferation are prevented by antidepressant treatment with tianeptine. Proc. 
Natl. Acad. Sci. USA 2001, 98 (22), 12796-12801. 

46. Malberg, J.E.; Duman, R.S. Cell proliferation in adult hippocampus is decreased by inescapable 
stress: reversal by fluoxetine treatment. Neuropsychopharmacology 2003, 28 (9), 1562-1571. 

47. Duman, R.S.; Nakagawa, S.; Malberg, J. Regulation of adult neurogenesis by antidepressant 
treatment. Neuropsychopharmacology 2001, 25 (6), 836-844. 

48. Malberg, J.E.; Eisch, A.J.; Nestler, E.J.; Duman, R.S. Chronic antidepressant treatment increases 
neurogenesis in adult rat hippocampus. J. Neurosci. 2000, 20 (24), 9104—9110. 

49. Santarelli, L.; Saxe, M.; Gross, C; Surget, A.; Battaglia, F.; Dulawa, S.; Weisstaub, N.; Lee, J.; 
Duman, R.; Arancio, O.; Belzung, C; Hen, R. Requirement of hippocampal neurogenesis for the 
behavioral effects of antidepressants. Science 2003, 301 (5634), 805-809. 

50. Doetsch, F.; Caille, L; Lim, D.A.; Garcia- Verdugo, J.M.; Alvarez-Buylla, A. Subventricular zone 
astrocytes are neural stem cells in the adult mammalian brain. Cell 1999, 97 (6), 703-716. 

51. Merkle, F.T.; Tramontin, A.D.; Garcia- Verdugo, J.M.; Alvarez-Buylla, A. Radial glia give rise to 
adult neural stem cells in the subventricular zone. Proc. Natl. Acad. Sci. USA 2004, 101 (50), 
17528-17532. 

52. Doetsch, F.; Garcia- Verdugo, J.M.; Alvarez-Buylla, A. Regeneration of a germinal layer in the 
adult mammalian brain. Proc. Natl. Acad. Sci. USA 1999, 96 (20), 11619-11624. 

53. Mirzadeh, Z.; Merkle, F.T.; Soriano-Navarro, M.; Garcia- Verdugo, J.M.; Alvarez-Buylla, A. 
Neural stem cells confer unique pinwheel architecture to the ventricular surface in neurogenic 
regions of the adult brain. Cell Stem Cell 2008, 3 (3), 265-278. 

54. Chojnacki, A.; Shimazaki, T.; Gregg, C; Weinmaster, G.; Weiss, S. Glycoprotein 130 signaling 
regulates Notchl expression and activation in the self-renewal of mammalian forebrain neural 
stem cells. /. Neurosci. 2003, 23 (5), 1730-1741. 

55. Emsley, J.G.; Hagg, T. Endogenous and exogenous ciliary neurotrophic factor enhances forebrain 
neurogenesis in adult mice. Exp. Neurol. 2003, 183 (2), 298-310. 

56. Machold, R.; Hayashi, S.; Rutlin, M.; Muzumdar, M.D.; Nery, S.; Corbin, J.G.; Gritli-Linde, A.; 
Dellovade, T.; Porter, J. A.; Rubin, L.L.; Dudek, H.; McMahon, A.P.; Fishell, G. Sonic hedgehog 
is required for progenitor cell maintenance in telencephalic stem cell niches. Neuron 2003, 
39 (6), 937-950. 

57. Nicoleau, C; Benzakour, O.; Agasse, F.; Thiriet, N.; Petit, J.; Prestoz, L.; Roger, M.; Jaber, M.; 
Coronas, V. Endogenous hepatocyte growth factor is a niche signal for subventricular zone neural 
stem cell amplification and self-renewal. Stem Cells 2009, 27 (2), 408^19. 

58. Sakaguchi, M.; Shingo, T.; Shimazaki, T.; Okano, H.J.; Shiwa, M.; Ishibashi, S.; Oguro, H.; 
Ninomiya, M.; Kadoya, T.; Horie, H.; Shibuya, A.; Mizusawa, H.; Poirier, F.; Nakauchi, H.; 
Sawamoto, K.; Okano, H. A carbohydrate-binding protein, Galectin-1, promotes proliferation of 
adult neural stem cells. Proc. Natl. Acad Sci. USA 2006, 103 (18), 7112-7117. 



Genes 2011, 2 



124 



59. Zheng, W.; Nowakowski, R.S.; Vaccarino, F.M. Fibroblast growth factor 2 is required for 
maintaining the neural stem cell pool in the mouse brain subventricular zone. Dev. Neurosci. 
2004, 26 (2-4), 181-196. 

60. Jackson, E.L.; Alvarez-Buylla, A. Characterization of adult neural stem cells and their relation to 
brain tumors. Cells Tissues Organs 2008, 188 (1-2), 

61. Yadirgi, G.; Marino, S. Adult neural stem cells and their role in brain pathology. J. Pathol. 2009, 
2i7 (2), 242-253. 

62. Foroni, C; Galli, R.; Cipelletti, B.; Caumo, A.; Alberti, S.; Fiocco, R.; Vescovi, A. Resilience to 
transformation and inherent genetic and functional stability of adult neural stem cells ex vivo. 
Cancer Res. 2007, 67(8), 3725-3733. 

63. Adachi, K.; Mirzadeh, Z.; Sakaguchi, M.; Yamashita, T.; Nikolcheva, T.; Gotoh, Y.; Peltz, G.; 
Gong, L.; Kawase, T.; Alvarez-Buylla, A.; Okano, H.; Sawamoto, K. Beta-catenin signaling 
promotes proliferation of progenitor cells in the adult mouse subventricular zone. Stem Cells 
2007, 25 (11), 2827-2836. 

64. Nieman, B.J.; Shyu, J.Y.; Rodriguez, J.J.; Garcia, A.D.; Joyner, A.L.; TurnbuU, D.H. In vivo MSI 
of neural cell migration dynamics in the mouse brain. Neuroimage 2010, 50 (2), 456-464. 

65. Shapiro, E.M.; Gonzalez-Perez, O.; Manuel Garcia- Verdugo, J.; Alvarez-Buylla, A.; 
Koretsky, A. P. Magnetic resonance imaging of the migration of neuronal precursors generated in 
the adult rodent brain. Neuroimage 2006, 32 (3), 1 150-1 157. 

66. Lois, C.; Garcia- Verdugo, J.M.; Alvarez-Buylla, A. Chain migration of neuronal precursors. 
Science 1996, 271 (5251), 978-981. 

67. Hirota, Y.; Ohshima, T.; Kaneko, N.; Ikeda, M.; Iwasato, T.; Kulkami, A.B.; Mikoshiba, K.; 
Okano, H.; Sawamoto, K. Cyclin-dependent kinase 5 is required for control of neuroblast 
migration in the postnatal subventricular zone. J. Neurosci. 2007, 27 (47), 12829-12838. 

68. Murase, S.; Horwitz, A.F. Deleted in colorectal carcinoma and differentially expressed integrins 
mediate the directional migration of neural precursors in the rostral migratory stream. J. Neurosci. 
2002, 22 (9), 3568-3579. 

69. Ono, K.; Tomasiewicz, H.; Magnuson, T.; Rutishauser, U. N-CAM mutation inhibits tangential 
neuronal migration and is phenocopied by enzymatic removal of polysialic acid. Neuron 1994, 
13 (3), 595-609. 

70. Bovetti, S.; Bovolin, P.; Perroteau, I.; Puche, A.C. Subventricular zone-derived neuroblast 
migration to the olfactory bulb is modulated by matrix remodelling. Eur. J. Neurosci. 2007, 
25 (7), 2021-2033. 

71. Jankovski, A.; Sotelo, C. Subventricular zone-olfactory bulb migratory pathway in the adult 
mouse: cellular composition and specificity as determined by heterochronic and heterotopic 
transplantation. J. Comp. Neurol. 1996, 371 (3), 376-396. 

72. Whitman, M.C.; Fan, W.; Rela, L.; Rodriguez-Gil, D.J.; Greer, C.A. Blood vessels form a 
migratory scaffold in the rostral migratory stream. J. Comp. Neurol. 2009, 516 (2), 94—104. 



Genes 2011, 2 



125 



73. Sawamoto, K.; Wichterle, H.; Gonzalez-Perez, O.; Cholfin, J. A.; Yamada, M.; Spassky, N.; 
Murcia, N.S.; Garcia- Verdugo, J.M.; Marin, O.; Rubenstein, J.L.; Tessier-Lavigne, M.; 
Okano, H.; Alvarez-Buylla, A. New neurons follow the flow of cerebrospinal fluid in the adult 
brain. Science 2006, 311 (5761), 629-632. 

74. Ng, K.L.; Li, J.D.; Cheng, M.Y.; Leslie, F.M.; Lee, A.G.; Zhou, Q.Y. Dependence of olfactory 
bulb neurogenesis on prokineticin 2 signaling. Science 2005, 308 (5730), 1923-1927. 

75. Paratcha, G.; Ibanez, C.F.; Ledda, F. GDNF is a chemoattractant factor for neuronal precursor 
cells in the rostral migratory stream. Mol. Cell. Neurosci. 2006, 31 (3), 505-514. 

76. Chiaramello, S.; Dalmasso, G.; Bezin, L.; Marcel, D.; Jourdan, F.; Peretto, P.; Fasolo, A.; 
de Marchis, S. BDNF/TrkB interaction regulates migration of SVZ precursor cells via PI3-K and 
MAP-K signalling pathways. Eur. J. Neurosci. 2007, 26 (7), 1780-1790. 

77. Anton, E.S.; Ghashghaei, H.T.; Weber, J.L.; McCann, C.; Fischer, T.M.; Cheung, ID.; 
Gassmann, M.; Messing, A.; Klein, R.; Schwab, M.H.; Lloyd, K.C.; Lai, C. Receptor tyrosine 
kinase ErbB4 modulates neuroblast migration and placement in the adult forebrain. Nat. Neurosci. 
2004, 7(12), 1319-1328. 

78. Belvindrah, R.; Hankel, S.; Walker, J.; Fatten, B.L.; MuUer, U. Betal integrins control the 
formation of cell chains in the adult rostral migratory stream. J. Neurosci. 2007, 27 (10), 
2704-2717. 

79. Chazal, G.; Durbec, P.; Jankovski, A.; Rougon, G.; Cremer, H. Consequences of neural cell 
adhesion molecule deficiency on cell migration in the rostral migratory stream of the mouse. 
/. Neurosci. 2000, 20 (4), 1446-1457. 

80. Ghashghaei, H.T.; Weber, J.; Pevny, L.; Schmid, R.; Schwab, M.H.; Lloyd, K.C.; 
Eisenstat, D.D.; Lai, C; Anton, E.S. The role of neuregulin-ErbB4 interactions on the 
proliferation and organization of cells in the sub ventricular zone. Proc. Natl. Acad. Sci. USA 
2006, 103 (6), 1930-1935. 

81. Kim, W.R.; Kim, Y.; Eun, B.; Park, O.H.; Kim, H.; Kim, K.; Park, C.H.; Vinsant, S.; 
Oppenheim, R.W.; Sun, W. Impaired migration in the rostral migratory stream but spared 
olfactory function after the elimination of programmed cell death in Bax knock-out mice. 
J. Neurosci. 2007, 27(52), 14392-14403. 

82. Bolteus, A.J.; Bordey, A. GAB A release and uptake regulate neuronal precursor migration in the 
postnatal subventricular zone. /. Neurosci. 2004, 24 (35), 7623-7631. 

83. Snapyan, M.; Lemasson, M.; Brill, M.S.; Blais, M.; Massouh, M.; Ninkovic, J.; Gravel, C; 
Berthod, F.; Gotz, M.; Barker, P. A.; Parent, A.; Saghatelyan, A. Vasculature guides migrating 
neuronal precursors in the adult mammalian forebrain via brain-derived neurotrophic factor 
signaling. J. Neurosci. 2009, 29 (13), 4172^188. 

84. Garcia-Marques, J.; De Carlos, J.A.; Greer, C.A.; Lopez-Mascaraque, L. Different astroglia 
permissivity controls the migration of olfactory bulb interneuron precursors. Glia 2010, 58 (2), 
218-230. 

85. Mason, H.A.; Ito, S.; Corfas, G. Extracellular signals that regulate the tangential migration of 
olfactory bulb neuronal precursors: inducers, inhibitors, and repellents. /. Neurosci. 2001, 
21 (19), 7654^7663. 



Genes 2011, 2 



126 



86. Kaneko, N.; Marin, O.; Koike, M.; Hirota, Y.; Uchiyama, Y.; Wu, J.Y.; Lu, Q.; 
Tessier-Lavigne, M.; Alvarez -Buylla, A.; Okano, H.; Rubenstein, J.L.; Sawamoto, K. New 
Neurons Clear the Path of Astrocytic Processes for Their Rapid Migration in the Adult Brain. 
Neuron 2010, 67 (2), 213-223. 

87. Hack, I.; Bancila, M.; Loulier, K.; Carroll, P.; Cremer, H. Reelin is a detachment signal in 
tangential chain-migration during postnatal neurogenesis. Nat. Neurosci. 2002, 5 (10), 939-945. 

88. Saghatelyan, A.; de Chevigny, A.; Schachner, M.; Lledo, P.M. Tenascin-R mediates activity- 
dependent recruitment of neuroblasts in the adult mouse forebrain. Nat. Neurosci. 2004, 7 (4), 
347-356. 

89. Petreanu, L.; Alvarez -Buylla, A. Maturation and death of adult-bom olfactory bulb granule 
neurons: role of olfaction. J. Neurosci. 2002, 22 (14), 6106-6113. 

90. Yamaguchi, M.; Mori, K. Critical period for sensory experience-dependent survival of newly 
generated granule cells in the adult mouse olfactory bulb. Proc. Natl. Acad. Sci. USA 2005, 
102 (27), 9697-9702. 

91. Gheusi, G.; Cremer, H.; McLean, H.; Chazal, G.; Vincent, J.D.; Lledo, P.M. Importance of newly 
generated neurons in the adult olfactory bulb for odor discrimination. Proc. Natl. Acad. Sci. USA 
2000, 97(4), 1823-1828. 

92. Imayoshi, I.; Sakamoto, M.; Ohtsuka, T.; Takao, K.; Miyakawa, T.; Yamaguchi, M.; Mori, K.; 
Ikeda, T.; Itohara, S.; Kageyama, R. Roles of continuous neurogenesis in the structural and 
functional integrity of the adult forebrain. Nat. Neurosci. 2008, 11 (10), 1153-1161. 

93. Jin, K.; Wang, X.; Xie, L.; Mao, X.O.; Zhu, W.; Wang, Y.; Shen, J.; Mao, Y.; Banwait, S.; 
Greenberg, D.A. Evidence for stroke-induced neurogenesis in the human brain. Proc. Natl. Acad. 
Sci. USA 2006, 103 (35), 13198-13202. 

94. Macas, J.; Nem, C; Plate, K.H.; Momma, S. Increased generation of neuronal progenitors after 
ischemic injury in the aged adult human forebrain. J. Neurosci. 2006, 26 (50), 131 14— 131 19. 

95. Marti-Fabregas, J.; Romaguera-Ros, M.; Gomez -Pinedo, U.; Martinez -Ramirez, S.; 
Jimenez -Xarrie, E.; Marin, R.; Marti -Vilalta, J.L.; Garcia- Verdugo, J.M. Proliferation in the 
human ipsilateral subventricular zone after ischemic stroke. Neurology 2010, 74 (5), 357-365. 

96. Liu, J.; Solway, K.; Messing, R.O.; Sharp, F.R. Increased neurogenesis in the dentate gyms after 
transient global ischemia in gerbils. /. Neurosci. 1998, 18 (19), 7768-7778. 

97. Nakatomi, H.; Kuriu, T.; Okabe, S.; Yamamoto, S.; Hatano, O.; Kawahara, N.; Tamura, A.; 
Kirino, T.; Nakafuku, M. Regeneration of hippocampal pyramidal neurons after ischemic brain 
injury by recruitment of endogenous neural progenitors. Cell 2002, 110 (4), 429-441. 

98. Arvidsson, A.; Collin, T.; Kirik, D.; Kokaia, Z.; Lindvall, O. Neuronal replacement from 
endogenous precursors in the adult brain after stroke. Nat. Med. 2002, 8 (9), 963-670. 

99. Yamashita, T.; Ninomiya, M.; Hernandez Acosta, P.; Garcia- Verdugo, J.M.; Sunabori, T.; 
Sakaguchi, M.; Adachi, K.; Kojima, T.; Hirota, Y.; Kawase, T.; Araki, N.; Abe, K.; Okano, H.; 
Sawamoto, K. Subventricular zone-derived neuroblasts migrate and differentiate into mature 
neurons in the post-stroke adult striatum. J. Neurosci. 2006, 26 (24), 6627-6636. 



Genes 2011, 2 



127 



100. Gelderblom, M.; Leypoldt, F.; Steinbach, K.; Behrens, D.; Choe, C.U.; Siler, D.A.; 
Arumugam, T.V.; Orthey, E.; Gerloff, C; Tolosa, E.; Magnus, T. Temporal and spatial dynamics 
of cerebral immune cell accumulation in stroke. Stroke 2009, 40 (5), 1849-1857. 

101. Thored, P.; Heldmann, U.; Gomes-Leal, W.; Gisler, R.; Darsalia, V.; Taneera, J.; Nygren, J.M.; 
Jacobsen, S.E.; Ekdahl, C.T.; Kokaia, Z.; Lindvall, O. Lx)ng-term accumulation of microglia with 
proneurogenic phenot5^e concomitant with persistent neurogenesis in adult subventricular zone 
after stroke. Glia 2009, 57 (8), 835-849. 

102. Wang, T.; Lee, M.H.; Johnson, T.; AUie, R.; Hu, L.; Calabresi, P.A.; Nath, A. Activated T-cells 
inhibit neurogenesis by releasing granzyme B: rescue by Kvl.3 blockers. J. Neurosci. 2010, 
30 (14), 5020-5027. 

103. Carpentier, P. A.; Palmer, T.D. Immune influence on adult neural stem cell regulation and 
function. Neuron 2009, 64 (1), 79-92. 

104. Hayashi, T.; Noshita, N.; Sugawara, T.; Chan, P.H. Temporal profile of angiogenesis and 
expression of related genes in the brain after ischemia. J. Cereb. Blood Flow Metab. 2003, 23 (2), 
166-180. 

105. Craig, C.G.; Tropepe, V.; Morshead, CM.; Reynolds, B.A.; Weiss, S.; van der Kooy, D. In vivo 
growth factor expansion of endogenous subependymal neural precursor cell populations in the 
aduh mouse brain. J. Neurosci. 1996, 16 (8), 2649-2658. 

106. Kuhn, H.G.; Winkler, J.; Kempermann, G.; Thai, L.J.; Gage, F.H. Epidermal growth factor and 
fibroblast growth factor-2 have different effects on neural progenitors in the adult rat brain. 
/. Neurosci. 1997, 77(15), 5820-5829. 

107. Shen, Q.; Wang, Y.; Kokovay, E.; Lin, G.; Chuang, S.M.; Goderie, S.K.; Roysam, B.; Temple, S. 
Adult SVZ stem cells lie in a vascular niche: a quantitative analysis of niche cell-cell interactions. 
Cell Stem Cell 2008, 3 (3), 289-300. 

108. Tavazoie, M.; Van der Veken, L.; Silva- Vargas, V.; Louissaint, M.; Colonna, L.; Zaidi, B.; 
Garcia- Verdugo, J.M.; Doetsch, F. A specialized vascular niche for adult neural stem cells. Cell 
Stem Cell 2008, 3 (3), 279-288. 

109. Kojima, T.; Hirota, Y.; Ema, M.; Takahashi, S.; Miyoshi, I.; Okano, H.; Sawamoto, K. 
Subventricular zone-derived neural progenitor cells migrate along a blood vessel scaffold toward 
the post-stroke striatum. Stem Cells 2010, 28 (3), 545-554. 

110. Imitola, J.; Raddassi, K.; Park, K.L; Mueller, F.J.; Nieto, M.; Teng, Y.D.; Frenkel, D.; Li, J.; 
Sidman, R.L.; Walsh, C.A.; Snyder, E.Y.; Khoury, S.J. Directed migration of neural stem cells to 
sites of CNS injury by the stromal cell-derived factor lalpha/CXC chemokine receptor 4 
pathway. Proc. Natl. Acad. Sci. USA 2004, 101 (52), 18117-18122. 

111. Ohab, J.J.; Fleming, S.; Blesch, A.; Carmichael, S.T. A neurovascular niche for neurogenesis 
after stroke. /. Neurosci. 2006, 26 (50), 13007-13016. 

112. Thored, P.; Arvidsson, A.; Cacci, E.; Ahlenius, H.; Kallur, T.; Darsalia, V.; Ekdahl, C.T.; 
Kokaia, Z.; Lindvall, O. Persistent production of neurons from adult brain stem cells during 
recovery after stroke. Stem Cells 2006, 24 (3), 139-1 Al. 



Genes 2011, 2 



128 



113. Yan, Y.P.; Sailor, K.A.; Lang, B.T.; Park, S.W.; Vemuganti, R.; Dempsey, R.J. Monocyte 
chemoattractant protein- 1 plays a critical role in neuroblast migration after focal cerebral 
ischemia. /. Cereb. Blood Flow Metab. 2007, 27(6), 1213-1224. 

114. Li, L.; Harms, K.M.; Ventura, P.B.; Lagace, D.C.; Eisch, A.J.; Cunningham, L.A. Focal cerebral 
ischemia induces a multilineage cytogenic response from adult subventricular zone that is 
predominantly gliogenic. Glia 2010, 58 (13), 1610-1619. 

115. Deierborg, T.; Staflin, K.; Pesic, J.; Roybon, L.; Brundin, P.; Lundberg, C. Absence of striatal 
newborn neurons with mature phenotype following defined striatal and cortical excitotoxic brain 
injuries. Exp. Neurol. 2009, 219 (1), 363-367. 

116. Shimada, IS.; Peterson, B.M.; Spees, J.L. Isolation of Locally Derived Stem/Progenitor Cells 
From the Peri-Infarct Area That Do Not Migrate From the Lateral Ventricle After Cortical 
Stroke. Stroke 2010, 41 (9), e552-e560. 

117. Liu, F.; You, Y.; Li, X.; Ma, T.; Nie, Y.; Wei, B.; Li, T.; Lin, H.; Yang, Z. Brain injury does not 
alter the intrinsic differentiation potential of adult neuroblasts. /. Neurosci. 2009, 29 (16), 
5075-5087. 

118. Yang, Z.; You, Y.; Levison, S.W. Neonatal hypoxic/ischemic brain injury induces production of 
calretinin-expressing interneurons in the striatum. J. Comp. Neurol. 2008, 511 (1), 19-33. 

119. Cooper, O.; Isacson, O. Intrastriatal transforming growth factor alpha delivery to a model of 
Parkinson's disease induces proliferation and migration of endogenous adult neural progenitor 
cells without differentiation into dopaminergic neurons. J. Neurosci. 2004, 24 (41), 8924-8931. 

120. Iwai, M.; Stetler, R.A.; Xing, J.; Hu, X.; Gao, Y.; Zhang, W.; Chen, J.; Cao, G. Enhanced 
oligodendrogenesis and recovery of neurological function by erj^hropoietin after neonatal 
hypoxic/ischemic brain injury. Stroke 2010, 41 (5), 1032-1037. 

121. Chen, J.; Zhang, Z.G.; Li, Y.; Wang, Y.; Wang, L.; Jiang, H.; Zhang, C; Lu, M.; 
Katakowski, M.; Feldkamp, C.S.; Chopp, M. Statins induce angiogenesis, neurogenesis, and 
synaptogenesis after stroke. Ann. Neurol. 2003, 53 (6), 743-751. 

122. Thiyagarajan, M.; Fernandez, J.A.; Lane, S.M.; Griffin, J.H.; Zlokovic, B.V. Activated protein C 
promotes neovascularization and neurogenesis in postischemic brain via protease-activated 
receptor 1. J. Neurosci. 2008, 28 (48), 12788-12797. 

123. Kim, H.J.; Leeds, P.; Chuang, D.M. The HDAC inhibitor, sodium but5Tate, stimulates 
neurogenesis in the ischemic brain. /. Neurochem. 2009, 110 (4), 1226-1240. 

124. Yoshikawa, G.; Momiyama, T.; Oya, S.; Takai, K.; Tanaka, J.I.; Higashiyama, S.; Saito, N.; 
Kirino, T.; Kawahara, N. Induction of striatal neurogenesis and generation of region-specific 
functional mature neurons after ischemia by growth factors. J. Neurosurg. 2010, 113 (4), 
835-850. 

125. Chari, D.M.; Blakemore, W.F. Efficient recolonisation of progenitor-depleted areas of the CNS 
by adult oligodendrocyte progenitor cells. Glia 2002, 37 (4), 307-313. 

126. Gensert, J.M.; Goldman, J.E. Endogenous progenitors remyelinate demyelinated axons in the 
adult CNS. Neuron 1997, 19 (1), 197-203. 



Genes 2011, 2 



129 



127. Menn, B.; Garcia- Verdugo, J.M.; Yaschine, C; Gonzalez-Perez, O.; Rowitch, D.; 
Alvarez-Buylla, A. Origin of oligodendroc5l;es in the subventricular zone of the adult brain. 
/. Neurosci. 2006, 26 (30), 7907-7918. 

128. Nait-Oumesmar, B.; Decker, L.; Lachapelle, F.; Avellana-Adalid, V.; Bachelin, C; 
van Evercooren, A.B. Progenitor cells of the adult mouse subventricular zone proliferate, migrate 
and differentiate into oligodendrocytes after demyelination. Eur. J. Neurosci. 1999, 11 (12), 
4357^366. 

129. Picard-Riera, N.; Decker, L.; Delarasse, C; Goude, K.; Nait-Oumesmar, B.; Liblau, R.; 
Pham-Dinh, D.; Evercooren, A.B. Experimental autoimmune encephalomyelitis mobilizes neural 
progenitors from the subventticular zone to undergo oligodendrogenesis in adult mice. Proc. Natl. 
Acad. Sci. USA 2002, 99 (20), 13211-13216. 

130. Cantarella, C.; Cayre, M.; Magalon, K.; Durbec, P. Intranasal HB-EGF administration favors 
adult SVZ cell mobilization to demyelinated lesions in mouse corpus callosum. Dev. Neurobiol. 
2008, 68 (2), 223-236. 

131. Gonzalez-Perez, O.; Romero-Rodriguez, R.; Soriano-Navarro, M.; Garcia- Verdugo, J.M.; 
Alvarez-Buylla, A. Epidermal growth factor induces the progeny of subventricular zone type B 
cells to migrate and differentiate into oligodendrocytes. Stem Cells 2009, 27 (8), 2032-2043. 

132. Woodruff, R.H.; Fruttiger, M.; Richardson, W.D.; Franklin, R.J. Platelet-derived growth factor 
regulates oligodendrocyte progenitor numbers in adult CNS and their response following CNS 
demyelination. Mol. Cell. Neurosci. 2004, 25 (2), 252-262. 

133. Aguirre, A.; Dupree, J.L.; Mangin, J.M.; Gallo, V. A functional role for EGFR signaling in 
myelination and remyelination. Nat. Neurosci. 2007, 10 (8), 990-1002. 

134. Aguirre, A.; Rizvi, T.A.; Ratner, N.; Gallo, V. Overexpression of the epidermal growth factor 
receptor confers migratory properties to nonmigratory postnatal neural progenitors. J. Neurosci. 
2005, 25(48), 11092-11106. 

135. Mason, J.L.; Xuan, S.; Dragatsis, I.; Efstratiadis, A.; Goldman, J.E. Insulin-like growth factor 
(IGF) signaling through type 1 IGF receptor plays an important role in remyelination. J. Neurosci. 
2003, 23 (20), 7710-7718. 

136. Fancy, S.P.; Baranzini, S.E.; Zhao, C.; Yuk, D.I.; Irvine, K.A.; Kaing, S.; Sanai, N.; 
Franklin, R.J.; Rowitch, D.H. Dysregulation of the Wnt pathway inhibits timely myelination and 
remyelination in the mammalian CNS. Genes. Dev. 2009, 23 (13), 1571-1585. 

137. Zhang, Y.; Argaw, A.T.; Gurfein, B.T.; Zameer, A.; Snyder, B.J.; Ge, C.; Lu, Q.R.; 
Rowitch, D.H.; Raine, C.S.; Brosnan, C.F.; John, G.R. Notchl signaling plays a role in regulating 
precursor differentiation during CNS remyelination. Proc. Natl. Acad. Sci. USA 2009, 106 (45), 
19162-19167. 

138. Zhang, L.; Chopp, M.; Zhang, R.L.; Wang, L.; Zhang, J.; Wang, Y.; Toh, Y.; Santra, M.; Lu, M.; 
Zhang, Z.G. Erythropoietin amplifies stroke-induced oligodendrogenesis in the rat. PLoS One 
2010, 5 (6), el 1016. 



Genes 2011, 2 



130 



139. Back, S.A.; Tuohy, T.M.; Chen, H.; Wallingford, N.; Craig, A.; Struve, J.; Luo, N.L.; Banine, R; 
Liu, Y.; Chang, A.; Trapp, B.D.; Bebo, B.F., Jr.; Rao, M.S.; Sherman, L.S. Hyaluronan 
accumulates in demyelinated lesions and inhibits oligodendrocyte progenitor maturation. 
Nat. Med. 2005, 11 (9), 966-972. 

140. Wolswijk, G. Chronic stage multiple sclerosis lesions contain a relatively quiescent population of 
oligodendrocyte precursor cells. J. Neurosci. 1998, 18 (2), 601-609. 

141. Kuhlmann, T.; Miron, V.; Cui, Q.; Wegner, C; Antel, J.; Bruck, W. Differentiation block of 
oligodendrogUal progenitor cells as a cause for remyelination failure in chronic multiple 
sclerosis. Brain 2008, 131 (Pt 7), 1749-1758. 

142. Ben-Hur, T.; Goldman, S.A. Prospects of cell therapy for disorders of myelin. Ann. N.Y. Acad. 
Sci. 2008, 1142, 218-249. 

143. Windrem, M.S.; Schanz, S.J.; Guo, M.; Tian, G.F.; Washco, V.; Stanwood, N.; Rasband, M.; 
Roy, N.S.; Nedergaard, M.; Havton, L.A.; Wang, S.; Goldman, S.A. Neonatal chimerization with 
human glial progenitor cells can both remyelinate and rescue the otherwise lethally 
h5^omyelinated shiverer mouse. Cell Stem Cell 2008, 2 (6), 553-565. 

© 2011 by the authors; licensee MDPl, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http :// creati vecommons . org/license s/by/3 . Of) . 



